Introduction There is mounting evidence supporting the role of tryptophan metabolism via the kynurenine pathway (KP) in the pathogenesis of primary brain tumors. Under normal physiological conditions, the KP is the major catabolic pathway for the essential amino acid tryptophan. However, in cancer cells, the KP becomes dysregulated, depletes local tryptophan, and contributes to an immunosuppressive tumor microenvironment. Methods We examined the protein expression levels (in 73 gliomas and 48 meningiomas) of the KP rate-limiting enzymes indoleamine 2,3-dioxygenase (IDO) 1, IDO2, and tryptophan 2,3-dioxygenase (TDO2), as well as, the aryl hydrocarbon receptor (AhR), a carcinogenic transcription factor activated by KP metabolites. In addition, we utilized commercially available small-molecules to pharmacologically modulate IDO1, IDO2, TDO2, and AhR in patient-derived glioma and meningioma cell lines (n = 9 each). Results We observed a positive trend between the grade of the tumor and the average immunohistochemical staining score for IDO1, IDO2, and TDO2, with TDO2 displaying the strongest immunostaining. AhR immunostaining was present in all grades of gliomas and meningiomas, with the greatest staining intensity noted in glioblastomas. Immunocytochemical staining showed a positive trend between nuclear localization of AhR and histologic grade in both gliomas and meningiomas, suggesting increased AhR activation with higher tumor grade. Unlike enzyme inhibition, AhR antagonism markedly diminished patient-derived tumor cell viability, regardless of tumor type or grade, following in vitro drug treatments. Conclusions Collectively, these results suggest that AhR may offer a novel and robust therapeutic target for a patient population with highly limited treatment options.
Introduction
Primary brain tumors, both malignant and non-malignant, occur in adults at an average annual age-adjusted incidence rate of around 40 per 100,000 individuals [1] . Meningiomas and gliomas represent the most common non-malignant and malignant tumor types of the CNS, respectively, with WHO grade IV gliomas (glioblastoma) representing the most common malignancy. Treatment for low-grade gliomas remains controversial; however, recent studies suggest that an earlier, more aggressive personalized treatment nearly doubles the median survival compared to the classic 'wait-and-see' approach [2, 3] . The Stupp regimen (maximal surgical resection followed by radiation with concurrent and adjuvant chemotherapy) represents the current standard of care for glioblastoma patients [4] . Low-grade meningiomas are often curable with complete surgical excision, while highgrade and recurrent meningiomas typically undergo resection followed by radiation therapy [5] . To date, there are no FDA-approved chemotherapeutic agents that are effective against meningiomas, with only minimal effects observed using hydroxyurea [6] . Due to the lack of treatment options beyond surgery and radiation, median survival for patients harboring high-grade meningiomas is a meager 2-7 years [7] . Worse yet, despite decades of research and an aggressive treatment regimen, the average survival for glioblastoma patients remains a dismal 15 months [8] . Poor prognosis and lack of effective therapies for primary brain malignancies highlight the urgent need to develop novel therapeutic strategies.
'Deregulating cellular energetics' was identified as an emerging hallmark of cancer by Hanahan and Weinberg [9] . Recent studies suggest that altered tryptophan metabolism plays an important role in the pathophysiology of gliomas [10] [11] [12] [13] . Likewise, altered levels of tryptophan metabolites have been noted in meningiomas [14] . Tryptophan is an essential amino acid required for protein biosynthesis. Of the tryptophan not incorporated into proteins, more than 95% is metabolized via the kynurenine pathway (KP; Fig. 1 ) [15] . Under normal physiological conditions, the KP generates various active metabolites and is the main source of the essential metabolic co-factor, nicotinamide adenine dinucleotide (NAD + ) [15, 16] . However, in cancer patients, local tryptophan depletion and the overproduction of active metabolites leads to an immunosuppressive tumor microenvironment [17, 18] . The initial and ratelimiting step of the KP, where tryptophan is converted to N-formylkynurenine, is carried out by a trio of enzymes: indoleamine 2,3-dioxygenase 1 (IDO1), indoleamine 2,3-dioxygenase 2 (IDO2), and tryptophan 2,3-dioxygenase (TDO2). N-Formylkynurenine is rapidly converted to kynurenine by formamidase. Kynurenine, the central metabolite of the KP, can be further metabolized into several neuroactive metabolites: kynurenic acid (KYNA), 3-hydroxykynurenine, and quinolinic acid.
Overexpression of IDO1 (and to some extent IDO2) has been well established in both primary and metastatic brain tumors [12, 13, [19] [20] [21] [22] . TDO2 was suggested to be a predominant rate-limiting enzyme of the KP in gliomas [11] . Moreover, kynurenine was identified as an endogenous ligand of the aryl hydrocarbon receptor (AhR, previously known as the dioxin receptor) [23] . Similarly, KYNA has also been shown to be a potent AhR activator [24] . AhR, a ligand activated transcription factor associated with carcinogenesis, was originally thought to only be activated by exogenous toxins such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [25] . Recently, AhR activity has also been found to increase expression of IDO1 [26] and IDO2 [27] . Increased expression of AhR has been observed in a number of extracranial solid tumors (e.g., lung, cervical, ovarian, and breast cancer) as well as glioblastoma [28, 29] . Furthermore, AhR signaling plays a central role in the generation of the malignant phenotype in glioma cells [30] and is gaining attention as a viable therapeutic target in several cancer types [25, 31, 32] . The discovery that KP metabolites are endogenous ligands of AhR suggests that there may be an intrinsic AhR-activated tumoral component of the KP independent of the immune system.
In this study, we examined the protein expression (using tissue microarrays [TMAs] ) and the effects of pharmacological modulation of IDO1, IDO2, TDO2, and AhR (using patient-derived cell lines) in WHO grade II-IV gliomas and WHO grade I-III meningiomas. AhR is a downstream effector of the KP independent of the intact immune system; as such, we hypothesized that AhR antagonism would lead to a greater reduction in cell viability compared to inhibition of the rate-limiting enzymes IDO1, IDO2, and TDO2.
Materials and methods

Reagents
Primary antibodies used were as follows: IDO1 (0.1 mg/ mL, cat.# NBP1-87702, Novus Biologicals, Littleton, CO), IDO2 (0.5 mg/mL, cat.# OAAB08672, Aviva Systems Biology, San Diego, CA), TDO2 (0.3 mg/mL, cat.# NBP2-13424, Novus Biologicals), and AhR (0.73 mg/mL, cat.# ab153744, Abcam, Cambridge, MA). All primary antibodies were anti-human rabbit antibodies and were used at a 1:100 dilutions, except IDO2, which was used at a 1:50 dilution. Epacadostat was purchased from Chemietek (cat.# CT-EPAC, Indianapolis, IN), while tenatoprazole, 680C91, and CH223191 were purchased from Sigma (cat.# SML1441, SML0287, and C8124, respectively). To measure cell viability, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Invitrogen, Carlsbad, CA) was used following the manufacturer's protocol.
Patient-derived cell lines
The Wayne State University Institutional Review Board approved the study and written informed consent was obtained from all patients. Cell lines were generated following our previously established method [33] . Briefly, tumor samples were acquired immediately following microsurgical resection after adequate material was reserved for clinical histopathological analysis. Samples were divided into multiple pieces depending upon the size of the tumor collected, with one piece dissociated into a single cell suspension for in vitro cultures following the manufacturer's protocol for the gentleMACS Dissociator™ (Miltenyi Biotec, San Diego, CA), in conjunction with the Human Tumor Dissociation Kit (Miltenyi Biotec). Cell count and viability were determined using the acridine orange/propidium iodide staining solution with the Cellometer K2 Image Cytometer (Nexcelom, Lawrence, MA).
Tissue microarray generation
Formalin-fixed paraffin-embedded tissues were used in this study and obtained by the Biobanking and Correlative Sciences Core at Karmanos Cancer Institute. Tissue collection ranged from 2004 to 2014 and 1998-2012 for gliomas and meningiomas, respectively. Hematoxylin and eosin stained sections of each tumor sample were marked by a pathologist to identify the specific tissue area of each tumor to be used for generating the two TMAs. Areas selected were determined by a pathologist to have the greatest density of tumor cells. The meningioma TMA consisted of the following tumors: WHO grade I (n = 18), grade II (n = 16), and grade III (n = 17). The glioma TMA was comprised of: WHO grade II tumors (n = 6), grade III (n = 15), and grade IV (n = 52). Two cores from each patient tumor were included on each TMA, with control tissues used to ensure proper orientation of the TMA for analysis. TMAs were created using a TMA Master (3DHISTECH, Budapest, Hungary). TMAs were sectioned at 4-5 µm and mounted on slides for analysis.
Immunohistochemical staining of tumor tissues
Immunohistochemical (IHC) staining was performed on both the glioma and meningioma TMAs using the rabbit VECTASTAIN® Elite ABC kit (cat.# PK-6101, Vector Labs, Burlingame, CA) and a citrate-based antigen unmasking solution (cat.# H-3300, Vector Labs) following the manufacturer's protocol for both. Briefly, the unmasking solution was warmed in 55 °C water for 40 min. Tissues were rehydrated using xylene, 70, 90, and 100% ethanol mixtures. Tissues were then placed in the warmed solution and incubated in a steamer for 20 min. Blocking was performed for 20 min, followed by an hour incubation with the primary antibody at room temperature. Secondary antibody was incubated for 30 min at room temperature. The peroxidase substrate used was Vector ImmPACT® DAB solution (cat.# SK-4105, Vector Labs). Sections were counterstained with hematoxylin and mounted with VectaMount™ (cat.# H-500, Vector Labs). Slides processed with no primary antibody were used as negative controls, while lymph node (IDO1) and liver (IDO2, TDO2, and AhR) were used as positive controls. Staining was scored independently by three researchers on a scale from 0 to 3 as follows: 0 = no staining; 1 = low staining; 2 = moderate staining; 3 = strong staining. Scores were based on the entirety of each core, taking into account not only intensity of the stain, but also the overall abundance of staining. For each antibody, positive and negative control sections were used to determine the criteria for scores of 0 and 3. Nuclear localization was determined by counting the total number of cells with apparent nuclear staining and dividing by the total number of cells present. Final scores were generated by averaging the three scores. Hematoxylin and eosin staining was performed following a standard protocol [34] .
Immunocytochemical staining of patient-derived cell lines
To ensure that the patient-derived cell lines selected to be used for in vitro drug treatments accurately reflected the IHC characteristics of the patient tumor tissue, immunocytochemical (ICC) staining was performed. Cells were seeded onto Millicell® EZ slides (EMD Millipore, Billerica, MA) and fixed with 4% paraformaldehyde for 30 min before proceeding with immunostaining procedures using the rabbit VECTASTAIN® Elite ABC kit (Vector Labs) following the manufacturer's protocol. The peroxidase substrate used was Vector ImmPACT® DAB solution (Vector Labs). Slides were mounted with VectaMount™ (Vector Labs).
In vitro drug treatment
When cells reached approximately 70% confluency on their flask, they were enzymatically harvested using Accumax (Innovative Cell Technologies, San Diego, CA), counted using the Cellometer K2 Image Cytometer (Nexcelom), as described above, and plated onto 96-well plates at a seeding density of 4000 cells per well. Cells were allowed to attach and grow overnight in DMEM/F12 media (cat.# MT10090CV, ThermoFisher, Pittsburgh, PA) containing 10% fetal bovine serum (cat.# 26140079, ThermoFisher). Media was removed the next day and replaced with DMEM/ F12 media with 10% fetal bovine serum containing small molecule inhibitors for IDO1 (epacadostat, 20 nM), IDO2 (tenatoprazole, 4 µM), TDO2 (680C91, 2 µM), and an AhR antagonist (CH223191, 20 µM). Three cell lines were treated per histologic grade, per tumor type, and experiments were performed in triplicate. All inhibitors were dissolved in DMSO, and DMSO levels never exceeded 1%. Cells were treated for a total of 48 h, followed by cell viability measurement via the MTT assay. Plates were read using an Infinite M200 plate reader (Tecan, Mannedorf, Switzerland) and quantified using the Magellan version 6.2 software (Tecan).
Statistical analysis
All statistical analyses were performed using GraphPad Prism version 6.05 for Windows (GraphPad Software, La Jolla, CA). Since the majority of tumors were astrocytic and their values did not appear to be different from oligodendrogliomas, we did not separate these tumor types in the analyses. IHC scores were analyzed using the Kruskal-Wallis test followed by post hoc Mann-Whitney test to compare groups pairwise. MTT data was analyzed using the Wilcoxon signed rank test to determine drug treatment efficacy. ICC AhR nuclear localization scores were analyzed using an unpaired t test. A p < 0.05 was considered statistically significant.
Results
Immunohistochemical and immunocytochemical staining of glioma and meningioma samples
Glioma and meningioma TMA IHC staining showed low abundance of IDO1 as compared to IDO2 and TDO2 (Fig. 2) . IDO1 staining had the lowest average scores for both gliomas and meningiomas (0.9 and 0.7, respectively), while TDO2 displayed the highest average scores (1.9 and 2.4, respectively; Fig. 3 , Supplemental Table 1) . AhR was present in all tumor types and grades, with the most prominent staining in glioblastomas (Fig. 2) . In gliomas, staining was highest in glioblastoma (2.7), with modest intensity in grades II and III tumors (0.3 and 0.6, respectively, Fig. 3 , Supplemental Table 1 ). Overall, meningioma AhR staining was modest in grade I and grade III (0.3 and 0.5, respectively) and had the highest staining in grade II tumors (1.1, p < 0.05). Moreover, AhR nuclear localization was noted in a significantly greater proportion of cells in glioblastomas compared to grades II and III gliomas, while meningiomas showed no difference in AhR nuclear staining among grades (Fig. 4a) .
ICC staining displayed similar trends to the IHC for the rate-limiting enzymes (Supplemental Fig. 2 ): low levels of IDO1 and prominent TDO2 staining. AhR staining in glioma cells showed that although there was no difference across grades for the percentage of cells with nuclear AhR, intensity of the nuclear staining was significantly higher in glioblastoma cells compared to grades II and III cells (Fig. 4b, c) . Meningioma cell AhR staining exhibited a significantly higher percentage of cells with nuclear localization in grade III meningioma cells than grade I cells (Fig. 4b) . Similar to gliomas, the intensity of the nuclear AhR staining in meningiomas was significantly higher in grade III cells than grade I and II cells (Fig. 4c) .
In vitro drug treatments of glioma and meningioma patient-derived cell lines
After confirming the expression of IDO1, IDO2, TDO2, and AhR in our patient-derived cell lines, cells were treated with commercially available small molecule inhibitors or antagonists. Inhibition of IDO1, IDO2, or TDO2 alone lead to no change in cell viability compared to controls (Fig. 5) . To further investigate the effect of inhibiting the rate-limiting enzymes, drug combination studies were performed on glioblastomas and grade III meningiomas (Supplemental Fig. 4) . No combination of tryptophan-metabolizing enzyme inhibitors, including all three used together, led to a change in cell viability. Only treatment with CH223191, the AhR antagonist, led to a statistically significant decrease in cell viability in both gliomas and meningiomas (p < 0.05), with a > 40% reduction in cell viability across all histologic grades and tumor types (Fig. 5) .
Discussion
Due to advances in diagnostics and therapeutics, overall primary cancer death rates have dropped by nearly 20% over the last 65 years [35] . In stark contrast, the death rate for brain tumor patients has remained relatively consistent since 1975 at approximately 4.5 per 100,000 people [35] . There is a clear lack of targeted therapeutic options available for glioma and meningioma patients, which is reflected in the essentially unchanged survival over the past 40 years. Tryptophan metabolism via the KP may offer such a target, as altered levels of the KP have been observed in both gliomas and meningiomas [10] [11] [12] [13] [14] , as well as a number of other solid tumors [36] [37] [38] [39] [40] [41] . Beyond immunosuppression [42] , there appears to be an intrinsic tumoral component of the KP utilizing AhR signaling activated by the KP metabolites kynurenine and KYNA [11, 23, 24] . The data presented in this study support AhR as a suitable therapeutic target for a diverse brain tumor patient Our IHC data suggest that for both gliomas and meningiomas, TDO2 is the predominant rate-limiting enzyme of the KP. These data are concordant with previous findings in gliomas [10, 11] and confirm our demonstration of high TDO2 expression in meningiomas [43] . Although TDO2 showed the highest immunostaining in both tumor types, inhibition of TDO2 led to no change in cell viability via MTT assay in any tumor type or histologic grade. The same held true for inhibition of IDO1 and IDO2, and the combined inhibition of the 3 rate-limiting KP enzymes. These results however were not surprising, as they support the notion that the anti-tumoral effects of KP inhibition are connected to immune system activation-a mechanism not present in an in vitro system. Furthermore, while the inhibition of all three rate-limiting enzymes should abrogate the conversion of tryptophan into new kynurenine, there may be additional unknown endogenous Fig. 3 Immunohistochemical staining scores. Tissue sections from the glioma and meningioma tissue microarrays were scored as described in the Methods section. Averaged scores are represented as a box and whiskers plot using the Tukey method for plotting whiskers and outliers. Mann-Whitney test was used for group comparisons. Glioma tissue staining scores display a general positive trend between staining score and grade; glioblastomas had markedly higher staining that grade II gliomas. Meningioma staining also followed this trend for all rate-limiting enzymes. However, in meningiomas AhR immunostaining was greater in grade II compared to grade III tumors. **p < 0.01, ***p < 0.001, and ****p < 0.0001
AhR ligands that continue to activate AhR, despite the drug treatment's prevention of new kynurenine formation. However, further studies would need to be performed to validate this hypothesis. In contrast to enzyme inhibition, antagonism of AhR led to a statistically significant decrease in viability via MTT assay in all tumor types and grades.
Previously, AhR was linked with the generation of a malignant phenotype in glioma cells [30] . Our immunostaining data corroborate these findings with greater numbers of cells or more intense nuclear AhR staining in glioblastoma tumors and cells compared to the lower grade gliomas. Similar findings were observed in grade III meningiomas compared to the lower grades, suggesting greater AhR activation in the highest grades in both types of malignant tumors. The canonical (genomic) pathway of AhR activation is ligand-bound AhR translocating from the cytosol to the nucleus, a mechanism that has been recently confirmed [44] . Alternatively, a non-genomic pathway for AhR activation has also been proposed [45, 46] ; however, discovery of this pathway is relatively recent and remains incompletely understood.
Although the underlying mechanisms are not fully understood, it is generally accepted that one consequence of aging is a decline in immune function [47] . The median age at presentation for patients with glioblastomas and malignant meningiomas is around 65 years [1] . Given this, along with the fact that cytotoxic agents can further suppress immune functions, brain tumor patients would likely benefit from a therapeutic target that works via non-immunologically mediated pathways such as AhR antagonism. Moreover, a recent study found that some IDO1 inhibitors used in clinical trials are in fact AhR agonists themselves [48] , potentially limiting the effectiveness of these inhibitors in brain tumor patients. Nevertheless, the findings do not exclude that IDO1, IDO2, TDO2, nor IDO/TDO pan inhibitors could be effective in vivo by remobilizing the immune system.
Taken together, our work demonstrates that: (i) AhR expression is present in the two most common brain tumor types; (ii) AhR nuclear staining increases in intensity with histologic grade in gliomas and meningiomas; and (iii) AhR antagonism (but not inhibition of the KP rate-limiting enzymes) significantly reduces cell viability in gliomas and meningiomas regardless of tumor grade. Although our study was limited to an in vitro model, the promising results of AhR antagonism in patient-derived tumor cells demonstrates that AhR may prove to be an effective target for patients that are in dire need of more efficacious therapeutic options. As newer, more potent AhR antagonists are developed, additional studies will clearly be needed to assess the efficacy of targeting AhR in vivo. Mann-Whitney test was used for group comparisons. Glioma tissue staining scores exhibit a general positive trend between number of cells with nuclear staining score and grade; glioblastomas had a significantly greater number of cells than either grade II or III gliomas. Meningioma staining showed no difference between grades. b Immunocytochemical staining of glioma and meningioma cultured patient cells shows no difference in the percentage of cells with AhR nuclear localization in gliomas, however, in meningiomas, we see a significant difference between grades I and III. c The overall intensity of AhR nuclear staining was calculated and showed that although there was now difference between glioma grade and the percentage of cells with AhR nuclear localization, the staining intensity of the nuclear AhR significantly increased with tumor grade; glioblastoma cells had the greatest staining intensity. Similarly, in meningiomas we see that grade III cells had the greatest intensity. *p < 0.05, **p < 0.005, and ****p < 0.0001
Fig. 5
In vitro drug treatment of patient-derived glioma and meningioma cell lines. Cultured patient-derived cell lines of each tumor type and grade (n = 3) were treated in triplicate for 48 h with the listed drugs at the following concentrations: epacadostat (IDO1 inhibitor) = 20 nM, tenatoprazole (IDO2 inhibitor) = 4 µM, 680C91 (TDO2 inhibitor) = 2 µM, and CH223191 (AhR antagonist) = 20 µM. After treatment, cell viability was measured via MTT assay and represented as percent control and plotted as a box and whiskers plot using the Tukey method. Wilcoxon signed rank test was used to determine drug treatment differences. Inhibition of the rate-limiting enzymes of the kynurenine pathway did not result in a significant decrease in tumor cell viability in all grades and tumor types. However, blockade of AhR activity by the CH223191 antagonist led to a statistically significant loss of cell viability in all tumors
